ABSTRACT
INTRODUCTION
With the increasing concerns on energy consumption and environmental impacts in the transportation sector, Diesel engines have regained a significant amount of attention in automotive/vehicle industry in recent years.
However, problems of higher NO x emission from Diesel engines have not been completely solved yet. Advanced aftertreatment systems such as lean NO x trap (LNT) and selective catalytic reduction (SCR) can reduced more than 90% of engine-out NO x emissions [8] . But the emissions regulations worldwide in the near future strictly restrict emissions of all vehicle fleets to be decreased to even lower levels. This makes the Diesel engine emission control remains as a great challenge in the field [1] [2] [3] [4] [5] [6] .
Among the current aftertreatment systems, SCR is one of the most promising technologies for Diesel engine exhaust NO x reductions, especially for medium-and heavy-duty engines.
SCR utilizes ammonia (NH 3 ) as the reductant to convert NO x emissions to N 2 by the following catalytic reactions [8] .
It has been shown that the reaction of Eq. (3) is much faster than the standard reaction of Eq. (1) by one order of magnitude, and the reaction of Eq. (2) is slower than reaction of Eq. (1) [9] .
Based on the above DeNOx processes, it can be seen that NO 2 plays an important role inside SCR. Higher NO 2 /NO x ratio can significantly increase the SCR NO x reduction efficiency. Besides, NO 2 can also assist particulate matter (PM, carbon) oxidation inside DPF as one of the regeneration reductants. Since the majority of NO x from Diesel engine is NO, to improve DPF and SCR performances, a DOC is usually placed at the upstream of a DPF and a SCR to convert NO to NO 2 by catalytic reactions, which can lead to higher NO 2 /NO x ratio comparing to engine-out exhaust.
However, many SCR control studies assumed NO x is completely NO, which is mostly due to the fact that the current onboard NO x sensors cannot differentiate NO and NO 2 from NO x [6] [15] [16] [17] [18] . This sensor limitation makes NO 2 related dynamics hard to be considered in the SCR control design. Several studies have pointed out the necessities of considering NO and NO 2 separately in SCR control designs [10] [24] , but they are mostly numerical models which cannot be readily used for real-time control purposes.
The objective of this study is to develop a physicallybased, control-oriented model which can be used to estimate the concentrations of NO and NO 2 in the aftertreatment systems from available measurements, i.e. a commercial NO x sensor (Siemens VDO) and thermocouples. Experiments with stateof-the-art Diesel engine, DOC, and DPF were conducted and a physically-based model was proposed and validated with experimental data. Model validation results showed high consistency between the model-predicted values and the real measurements.
Due to the page limit, this paper only presents the studies of DPF. Engine-out and DOC studies with the same objective are presented in a separate paper [26] , and an observer design for aftertreatment system NO and NO 2 concentration estimations is proposed in [27] , all by the same authors. These three studies together provide a complete control-oriented model to capture the NO and NO 2 dynamics in the Diesel engine aftertreatment systems and an observer to estimate the NO and NO 2 concentrations in the exhaust gas upstream of a SCR.
The rest of this paper is organized as follows. The setup of the engine and aftertreatment systems is explained at first. After that, the proposed DPF model and the corresponding assumptions are explained. Comparisons and analyses of the experimental data and model validation results are discussed at the end and followed by the conclusions.
EXPERIMENTAL SETUP AND TEST PROCEDURE

Hardware
The test bench includes: a V8 medium-duty Diesel engine equipped with variable geometry turbo, dual-loop EGR, DOC and DPF, and two SCRs at downstream of the DOC/DPF, as can be seen in Figure 1 and Figure 2 . The low pressure loop EGR was disabled and the SCR catalysts were bypassed during the tests in this study.
For the measurement systems, ETAS INCA was used to log the ECU related signals, including engine speed, temperatures, MAF, fuel injections, and etc. Horiba MEXA 7500 was used to measure NO, NO x , CO, CO 2 , and O 2 concentrations at engine outlet, between DOC and DPF, and after DPF. The Horiba system was calibrated with sample gases and the measurements are assumed to be accurate. Two Siemens VDO NO x sensors were used to measure the O 2 and NO x concentrations upstream and downstream of the DOC/DPF. A differential pressure sensor was installed between DOC and DPF to estimate the DPF loading level. Also temperatures of engine critical points, before DOC, between DOC and DPF, and after DPF were monitored by thermocouples. Besides, an AVL 733S fuel balance and a temperature control module were used to provide accurate fuel consumption measurement and consistent fuel supply temperature.
Test Procedures
The test procedure is shown in Table 1 . Tests were started with the engine in the warm-up condition, where the engine coolant temperature reached 90 ºC and DOC and DPF temperatures were higher than 160 ºC. The engine was controlled to a desired operating point listed in Table 1 until the emission concentration measurements reached steady-states, and then the engine was stepped to the next point. The engine torque was measured by the torque sensor inside the dynamometer. But notice that torque values listed in Table 1 are reference values, actual value may slightly vary with experiments. Due to the limitations that only one Horiba emission measurement channel is available and the NO and NOx cannot be measured simultaneously, four tests with the same engine operating conditions were implemented in order to have the NO/NO 2 measurements at each sampling point as shown in Figure 1 . The Horiba sampling line was connected to different measuring spots in each test for NO or NO x measurement. Details of the tests are listed in Table 2 .
The purposes of test 1 are to validate the NO x sensor measurements installed upstream and downstream of the DOC/DPF by Horiba emissions measurement system and to validate one of the assumptions that the NO x concentration does not change through the DOC/DPF. Based on this assumption and under the condition that the NO x sensors are accurate, the NO x concentrations inside DOC and DPF can be seen by the NO x sensor reading. Details of the experimental results and discussions of test 1 were presented in [26] . Assuming NO x consists of only NO and NO 2 [25] , NO concentrations of engine-out exhaust, after DOC, and after DPF were measured by test 2 to test 4, and the corresponding NO 2 concentrations can be calculated by the differences between NO x sensor and Horiba emissions measurement system readings. 
NO AND NO 2 DYNAMIC MODELING
DPF NO and NO 2 Dynamic Model
The main objective of DPF is to trap PM from engine exhaust gas, and it has been demonstrated that filtration efficiency can reach more than 90% [7] . However, with the increasing particles accumulated inside DPF, i.e. the particulate matter cake layer continuously develops, a back pressure can be generated by the DPF which should be avoided. To remove particulate matters inside the DPF, regenerations are thus necessary. DPF regenerations are generally achieved by oxidizing the particles by means of thermal assisted reactions (reactions of Eq. (4) and Eq. (5)), and NO 2 assisted reactions (reactions of Eq. (6) and Eq. (7)). Then the stored particulate matters (C) can be emitted from DPF as CO and CO 2 [7] .
The main chemical reactions inside DPF are summarized below [7] [28].
,
To reduce the complexity of model, reactions which are not related to NO and NO 2 are ignored, i.e. only reactions of Eqs. (6)(7)(8)(9) are discussed. Reaction of Eq. (8) is a catalytic reaction of NO oxidation due to the existence of platinum in DPF wash-coat [20] . This reaction is the same with DOC NO oxidation process. It is assumed that the DPF substrate wall is generally covered with PM such that this catalytic reaction is limited and can be ignored. For the reaction of Eq. (9), because the CO concentration is low especially after DOC due to the oxidation of CO to CO 2 by the DOC [19] , this reaction is also ignored. The reactions remained are thus Eq. (6) and Eq. (7), which together can be represented as:
Assuming is a constant, based on the modified Arrhenius equation [30] , the reaction rate of this process can be modeled by the following equation:
, ,
where
are positive constants to be identified from experimental data, is the gas constant, , is the activation energy, is the temperature, is NO 2 concentration, and is a variable which depends on the amount of soot accumulated inside the DPF. In view of the physic base of Arrhenius reaction rate model, should represent the contact chance of particulate matter and NO 2 molecules. However, calculating the exact value of is challenging due to the fact that the amount of particulate matter stored is hard to be measured and the fluid dynamics inside the filter is complicated [9] . In this study, we assume this value to be proportional to the contact area of exhaust gas and particulate matter cake layer, and this contact area can be modeled by a simplified orifice model as shown in Figure 3 . 
where is a positive constant, is the cross-section radius of the DPF, and is the opened orifice area which are not blocked by particulate matters and allows the exhaust gas to flow through the DPF. The positive constant is to take the contact area in the axial direction into consideration, and this constant can be considered together with , in Eq. (11) . Figure 5 shows the Horiba gas analyzer measurements of NO concentration from test 2 with engine speed ranging from 750 RPM to 2200 RPM, and the data are compared with the model predicted engine-out exhaust NO concentration. Each pulse in the figure corresponds to an engine speed in Table 1 , increasing from 750 RPM to 2200 RPM. The engine load at each speed was increased from the lowest torque, e.g. 54 Nm in 750 RPM, to the highest torque, e.g. 271 Nm in 750 RPM. Torque was increased to the next value once the emission concentrations reached steady-state. Engine speeds were reduced to idle after the highest torque values were reached at each speed. Such test procedure and data presentation format are applied to all the tests and the figures presented in the rest of this paper. Figure 6 , on the other hand, shows the NO/NO 2 concentrations after DOC measured by the Horiba emissions measurement system from test 4, and are compared with the results predicted by the DOC model in Eq. (16) and Eq. (18) . It can be seen that the model show high consistencies comparing to the real measurements. There are some noticeable errors when the engine speed is at idle in Figure 6 . A possible reason is both NO x sensor and Horiba measurement system have more significant measurement error when the sample concentrations are low, which are the cases during idle speeds. Since these errors are comparably small and the interested regions are mainly non-idle engine operation conditions, these differences are acceptable.
EXPERIMENTAL RESULTS AND ANALYSES
FIGURE 5. COMPARISON OF ENGINE EXHAUST NO CONCENTRATION FIGURE 6. COMPARISONS OF NO AND NO 2 CONCENTRATIONS AFTER DOC
FIGURE 7. COMPARISON OF TEST 3 AND TEST 4 ENGINE NO X EMISSIONS FIGURE 8. COMPARISON OF EXHAUST VARIABLES OF TEST 3 AND TEST 4 AT HIGH SPEED
On the other hand, by comparing Figure 5 and Figure 6 , it can be seen that even though the engine operating conditions and environmental factors were set to the same in each test, Figure 5 showed higher NO x concentrations during the first few speeds. This is mainly because test 2 in Figure 5 started with a higher initial DPF loading level which can be seen by the DPF load predicted by the ECU. In this situation the engine introduced more oxygen (lower EGR) for DPF regeneration at the beginning, which consequently generated higher engine-out NO x emissions. On the other hand, test 4 ( Figure 6 ) shows higher NO x concentration at the region around the 5 th speed ramp which is 1700 RPM. It can be explained by the lower DPF loading at the beginning. The loading was increasing until 1400 RPM, and then regeneration was required at 1700 RPM. The NO x emission concentrations of the two tests are close at higher engine speeds when the DPF loadings were close. Such phenomenon was also observed in other tests, e.g. test 3 and test 4 in Figure 7 . These figures also show an interesting property of the DPF been examined. As can be seen the NO x concentrations of the two tests in Figure 7 are almost identical at higher speeds, i.e. after 2000 RPM. This results point out that the particulate matter oxidation rate and accumulation rate were balanced when the engine speed/load was high. This is mainly because the exhaust gas temperatures were higher and the particulate matter oxidation reactions of Eqs. (4)(5)(6) (7) were thus faster and reached the DPF particulate matter trapping speed. In this case, the engine does not need to switch between DPF regeneration and normal modes which can cause different exhaust NO x concentrations. comparisons of exhaust flow rates, temperatures, and exhaust oxygen concentrations of test 3 and test 4 at speeds of 2700 RPM and 2900 RPM. It can be seen that, besides the time frame difference, both the variables are almost identical in all the tests. Based on the above observations, the NO concentrations after DOC and after DPF measured by Horiba gas analyzer from test 3 and test 4 are compared at the higher speeds where the exhaust variables, i.e. NO x concentrations, O 2 concentrations, temperatures, flow rates, are similar. This is because of the hardware limitation that the Horiba gas analyzer cannot measure two points together and complete identical exhaust conditions are hard to be reproduced at lower speeds. Figure 9 shows the comparisons of the steady-state measurements of engine-out exhaust NO x concentrations, NO concentrations after DOC, and NO concentrations after DPF. It can be seen that at lower torque-speed regions, NO concentrations after DOC and that after DPF are mostly equal to the total NO x concentrations. This is mainly because of the lower exhaust temperature in these regions. The test 2 temperature profiles of the engine exhaust gas, after DOC, and after DPF are shown in Figure 10 . In DOC, the deoxidation reaction of converting NO 2 to NO is actually higher than the NO oxidation rate at lower temperature [26] [36] , such that the NO 2 generated by engine were mostly been converted to NO after DOC in these regions. Since the DPF oxidation ability is low based on the assumption, the NO concentrations after DPF were kept unchanged. It is also seen in Figure 9 that the NO concentrations after DPF are always higher than the NO concentrations before DPF. This supports the assumption that reaction of NO oxidation in Eq. (8) is relatively slow or the NO 2 assisted particulate matter oxidation rates in Eq. (6) and Eq. (7) surpass the NO oxidation rate, such that Eq. (8) can be disregarded or the affection can be considered inside the reactions of Eq. (6) and Eq. (7) .
FIGURE 10. TEMPERATURES OF EXHAUST GAS IN
DIFFERENT POINTS Figure 11 shows the Horiba gas analyzer measurements of CO and CO 2 concentrations after the DOC. It can be seen that the majority of CO x is CO 2 and the CO concentration is almost zero throughout the whole test. This result sustains the claim that most CO from engine was oxidized to CO 2 by DOC and thus the CO concentration in the DPF is low. In this case, the reaction of CO oxidation by NO 2 in Eq. (9) can be omitted. The steady-state data of test 3 from 750 RPM to 2400 RPM were used to identify the DPF model parameters in Eqs. (11)(12)(13) (15) . Data of speeds 2600 RPM and 2900 RPM, on the other hand, were not used for identification but used for model cross-validations. Figure 12 shows the predicted NO and NO 2 concentrations from the identified DPF model and the corresponding experimental data. As can be seen the estimated concentrations have high consistencies comparing to the measured ones. The NO model prediction root mean square error (RMSE) is 28 ppm. Figure 13 shows the comparisons of the NO/NO 2 concentrations after DPF with the experimental data measured by Horiba gas analyzer and NO x at higher engine speeds. This set of data was not used in the model parameter identification. It can be seen that the model predicted results are very close to the actual measurement values. The NO model prediction root mean square error (RMSE) in the entire region is 26 ppm. There are some noticeable differences comparing the model and measurement values when the engine was in idle speed. These were mostly due to the higher measurement errors when the NO x concentration was low. Since the interested engine operating ranges generally have NO x concentrations higher than 100 PPM, these errors probably are acceptable for applications. 
CONCLUSIONS
A physically-based, control-oriented DPF NO and NO 2 dynamic model for the objective of Diesel engine aftertreatment systems NO and NO 2 concentration estimations was presented in this study. Possible chemical reactions inside DPF were examined by experiments and the main reactions were considered in the model. A simplified orifice model was proposed to describe the reaction chance between particulate matter and NO 2 . Validation results of the DPF model together with the engine-out and DOC model proposed in [26] showed high consistencies with the experimental data. This paper together with the correlative engine-out and DOC studies in [26] and the observer design in [27] provide the ability of estimating the NO and NO 2 concentrations of exhaust gas in Diesel engine aftertreatment systems, which is known of advantageous for the SCR urea dosing controller designs. 
